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ABSTRACT
Context. Understanding the physics and geometry of accretion and ejection around super massive black holes (SMBHs) is important

to understand the evolution of active galactic nuclei (AGN) and therefore of the large scale structures of the Universe.
Aims. We aim at providing a simple, coherent, and global view of the sub-parsec accretion and ejection flow in AGN with varying
Eddington ratio, ṁ, and black hole mass, MBH .
Methods. We made use of theoretical insights, results of numerical simulations, as well as UV and X-ray observations to review the
inner regions of AGN by including different accretion and ejection modes, with special emphasis on the role of radiation in driving
powerful accretion disk winds from the inner regions around the central SMBH.
Results. We propose five ṁ regimes where the physics of the inner accretion and ejection flow around SMBHs is expected to change,
and that correspond observationally to quiescent and inactive galaxies; low luminosity AGN (LLAGN); Seyferts and mini-broad absorption line quasars (mini-BAL QSOs); narrow line Seyfert 1 galaxies (NLS1s) and broad absorption line quasars (BAL QSOs); and
super-Eddington sources. We include in this scenario radiation-driven disk winds, which are strong in the high ṁ, large MBH regime,
and possibly present but likely weak in the moderate ṁ, small MBH regime.
Conclusions. A great diversity of the accretion/ejection flows in AGN can be explained to a good degree by varying just two fundamental properties: the Eddington ratio ṁ and the black hole mass MBH , and by the inclusion of accretion disk winds that can naturally
be launched by the radiation emitted from luminous accretion disks.
Key words. black hole physics – galaxies: active – galaxies: nuclei – quasars: general – quasars: supermassive black holes

1. Introduction
Active galactic nuclei (AGN) are powered by mass accretion onto super massive black holes (SMBHs) with masses
MBH ∼ 106 −1010 M , and are crucial to our understanding of the
formation and evolution of the cosmic structures (e.g., Silk &
Rees 1998; Hopkins et al. 2006; Fabian 2012). The luminosity
produced by mass accretion can be written as L = η Ṁc2 , where η
is the accretion efficiency, Ṁ the mass accretion rate, and c the
speed of light. The mass accretion rate can be rescaled for the
black hole (BH) mass through the dimensionless Eddington ratio
parameter: ṁ ≡ Ṁ/ ṀEdd ≡ L/LEdd , where LEdd is the Eddington
luminosity. Historically, local AGN are referred as Seyfert galaxies (Seyfert 1943) and more distant luminous AGN as quasistellar objects, quasars, or QSOs (Schmidt 1963). We will refer
to both Seyferts and QSOs as (luminous) AGN, differentiating
among them only on the basis of different physical properties such
as BH mass and luminosity, which are higher in QSOs than in
Seyferts. The observed AGN bolometric luminosity spans a wide
range: from L ∼ 1040−42 erg s−1 in low-luminosity AGN (LLAGN,
Ho 1999), to L ∼ 1043−46 erg s−1 in Seyfert galaxies and lowluminosity QSOs (e.g., Lusso et al. 2012), to L ∼ 1044−48 erg s−1 in
high-luminosity QSOs (e.g., Shen et al. 2011); therefore implying
a wide range of either ṁ, or η, or both.

The spectral energy distribution (SED) of AGN covers the
full electromagnetic spectrum (Elvis et al. 1994; Shang et al.
2011), and in particular the optical, UV, and X-ray portions
of the SED originate from the regions closest to the SMBH,
on sub-parsec scales (e.g., Peterson 1997; Mushotzky et al.
1993). Observations from the optical to the X-rays show that
the AGN SED varies with ṁ, giving relatively more X-ray photons compared to optical and UV ones with increasing ṁ in
LLAGN (Xu 2011), and relatively less X-ray photons compared
to lower energy ones in luminous AGN with increasing ṁ (e.g.,
Vasudevan & Fabian 2009; Jin et al. 2012). The distinctive optical and UV observational features of luminous AGN, the big
blue bump, and the broad line region (BLR) are absent or very
weak in LLAGN; LLAGN also lack the typical large variability on short timescales displayed in the X-ray band by luminous
AGN (Ho 2008). LLAGN and luminous AGN should be powered by physically different inner accretion flows: a hot, geometrically thick, radiatively inefficient flow in the former case (Yuan
& Narayan 2014), and a cold, geometrically thick, radiatively
efficient flow in the latter case (Shakura & Sunyaev 1973). The
mutual interaction of the AGN with its environment, or feedback, is expected to be mainly kinetic in the case of LLAGN,
via their highly collimated, relativistic polar jets (e.g., Fabian
2012), while it is expected to be mainly in the form of radiation
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(radiative) in the case of luminous AGN (e.g., Heckman & Best
2014). However, it has become clear in the past few decades
that also in the case of luminous AGN a substantial amount of
energy can be released as kinetic luminosity, through massive,
sub-relativistic, wide-angle winds (Silk & Rees 1998).
Wide-angle, sub-relativistic winds originating from the inner
regions around SMBHs are commonly observed as blueshifted
absorption lines in the UV and X-ray spectra of luminous AGN
(Weymann et al. 1991; Gibson et al. 2009a; Tombesi et al. 2010a).
At least half of local AGN show the presence of low-velocity narrow1 absorption lines with blueshift of a few 100−1000 km s−1 ,
both in the UV and in the X-ray band2 (Crenshaw et al. 2003;
Laha et al. 2014). Their ionization state ranges from, for example, Mg ii to C iv and O vi for the UV NALs, to, for example,
O viii for the X-ray NALs (e.g., Costantini 2010). Similar ionization states of those low-velocity UV NALs, but much higher
terminal velocities up to ∼0.2c and much broader features, are
observed in about 20–30% of optically selected AGN in the
form of UV BALs and mini-BALs (e.g., Weymann et al. 1991;
Trump et al. 2006; Knigge et al. 2008; Gibson et al. 2009a).
Even higher ionization states and velocities, for example, Fe xxv,
Fe xxvi blueshifted by 0.1−0.4c, are inferred for the X-ray
absorbing ultrafast outflows (UFOs), also observed in a large fraction of local AGN (∼20−40%, Cappi 2006; Tombesi et al. 2010a;
Gofford et al. 2013). The few detailed X-ray spectroscopic
analyses that have been performed on high redshift sources,
revealed numerous cases of highly ionized outflowing absorbers
(Chartas et al. 2002, 2003, 2014, 2016; Lanzuisi et al. 2012;
Vignali et al. 2015; Dadina et al. 2018). These findings suggest
that high-velocity winds are widespread in terms of both geometrical covering factor and rate of occurrence also among high
redshift, luminous AGN.
Theoretically, mass outflows can be launched either by thermal pressure, magnetic forces, or radiation. Independent of
the mechanism of wind launching, in order to be successfully
launched, a wind has to overcome the SMBH gravitational pull.
The wind terminal
velocity is proportional to the escape velocity
√
υesc (R) = 2GMBH /R, therefore the closer the central SMBH
is to the wind launching region, the faster the wind terminal
velocity will be (e.g., Proga 2007). Given the masses and temperatures involved, thermal winds in AGN can be launched only
at large radii, R & 105 Rg (Rg ≡ GMBH /c2 is the gravitational
radius), from the central SMBH, and can reach terminal velocities of the order of a few 100−1000 km s−1 (Krolik & Kriss 2001;
Dorodnitsyn et al. 2008). Magnetocentrifugally-driven winds
with similar terminal velocities can be launched from similarly
large scales (Yuan et al. 2012). Radiation pressure on dust grains
can launch winds on radial scales larger than the dust sublimation radius (Fabian et al. 2006, 2008) and shape the environment
of AGN by determining their obscuration at these scales (Ricci
et al. 2017). To launch more powerful winds with terminal velocities 2000 km s−1 and up to significant fractions of the speed
of light, radiation pressure or magnetic forces acting on smaller
(sub-parsec) scales must be at work instead (Proga et al. 2000;
Fukumura et al. 2015).
We present a unified picture of the relevant theory and observations pertaining to the inner, sub-parsec scale accretion and
1

Historically, narrow absorption lines (NALs) are defined to have a full
width at half maximum (FWHM) < 500 km s−1 ), while broad absorption lines (BALs) have a FWHM > 2000 km s−1 ; the intermediate cases
are called mini-broad absorption lines (mini-BALs; see e.g., Weymann
et al. 1981; Hamann & Sabra 2004; Gibson et al. 2009b).
2
In the soft X-ray band, the plethora of narrow absorption lines are
called collectively “warm absorber” (e.g., Reynolds & Fabian 1995).
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ejection flow around SMBHs with varying ṁ and, secondarily,
MBH . We emphasize the role of radiation in launching winds
from accretion disk scales in luminous AGN. The Eddington
ratio ṁ is likely the main physical driver of physical differences
in the accretion flow that lead to different observed phenomenology of AGN (e.g., the Eigenvector 1: Sulentic et al. 2000a;
Marziani et al. 2001; Boroson 2002; Shen & Ho 2014). Generally speaking, ṁ is proportional to the density of the matter
involved in the accretion flow around the SMBH. The density
of the accretion flow regulates the relative importance of matter heating and cooling, and through this the consequent geometrical and physical structure of the mass accretion and ejection flow itself, along with the correspondent flow of photons,
or SED. The AGN SED, which can also strongly depend on
MBH , can in turn affect the inner mass accretion and ejection flow
structure through photoionization, absorption, and scattering. In
particular, UV radiation can induce further mechanical feedback
by driving powerful line-driven (LD) winds from accretion disk
scales (Murray et al. 1995; Proga et al. 2000; Proga & Kallman
2004; hereafter PK04).
We present our global scenario for the inner accretion and
ejection flow around SMBHs in Sect. 2, the comparison with
observations in Sect. 3, the discussion in Sect. 4, and we summarize and conclude in Sect. 5.

2. The inner accretion and ejection flow in active
galactic nuclei, re-viewed
We consider different values of the Eddington ratio, from very
low ṁ  1 up to very high ṁ  1, and identify three intermediate regimes (low, moderate, and high ṁ), for a total of five ṁ
regimes, where the physics of accretion/ejection around SMBHs
is expected to significantly change. This is equivalent to following the evolution of a hot, optically thin accreting plasma
that increases its density and cools down by emitting radiation,
becoming more and more optically thick with increasing ṁ. The
accretion radiative efficiency η depends on the radiative cooling
rate and this depends, among other parameters, on the density
of the accretion flow and on the BH spin. The dependence of
the radiative efficiency on the density of the accretion flow can
be translated into a dependence on ṁ: for ṁ . 1, η is directly
proportional to ṁ (Yuan & Narayan 2014), while at ṁ  1 a significantly larger part of accretion energy gets advected into the
SMBH before being radiated away (see, e.g., Mayer 2018, for a
recent review).
Theoretically, a t very low ṁ  10−6 , the accretion flow is very
tenuous, optically thin, and the cooling is negligible. Therefore,
the flow is hot and radiatively inefficient (η ∼ 0), and geometrically thick (Narayan & Yi 1995; Yuan & Narayan 2014; Ressler
et al. 2015). At low ṁ ≈ 10−4 , the radiative efficiency is no longer
negligible (η ∼ 10−3 ) and the outer parts of the accretion flow start
to cool down (Sa̧dowski et al. 2017; Ryan et al. 2017). Above a
moderate ṁ & 0.01, the cooling is so rapid that the accretion flow
is radiatively efficient (η ∼ 0.1), optically thick, and geometrically
resembles a thin disk (Shakura & Sunyaev 1973). While at low
and very low ṁ, the ejection flow is dominated by collimated relativistic polar jets (Yuan & Narayan 2014), at moderate ṁ, the jets
are much weaker, and more equatorial winds originating from the
accretion disk can develop (Murray et al. 1995). It is only at high
ṁ & 0.25, however, that these equatorial, sub-relativistic winds
originating on accretion disk scales can dominate the ejection flow
(PK04). Eventually, when the Eddington ratio goes well above
the Eddington limit at very high ṁ  1, the inner accretion flow
becomes radiation pressure dominated, changing its geometrical
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Table 1. Summary of the main properties of the five ṁ regimes sketched in Fig. 1 and described in Sects. 2.2–2.6.

ṁ range
(1)

Accretion/ejection flow
(2)

Feedback
(3)

Examples
(4)

Very low ṁ ≈ 10−8
( 10−6 )

Non-radiative hot accretion flow
relativistic polar jet

Lkin

Quiescent/inactive,
Sgr A*

Low ṁ ≈ 10−4
(10−6 . ṁ . 10−3 )

Outer cold disk at ∼1000 s Rg , inner hot flow
relativistic polar jet

Lkin  Lrad

LLAGN
M 81*, M 87

Moderate ṁ ≈ 10−2
(10−3 . ṁ . 10−1 )

Outer cold disk at ∼10 s Rg , extended hot corona
weak/moderate LD wind depending on small/large MBH

Lkin  Lrad

Seyfert/mini-BAL QSO
NGC 5548/PG 1126−041

High ṁ & 0.25
(0.1 . ṁ . 1)

Cold accretion disk down to ISCO, compact hot corona
moderate/strong LD wind depending on small/large MBH

Lkin < Lrad

NLS1/BAL QSO
I Zw 1/PDS 456

Very high ṁ  1
(1 . ṁ . 100)

Outer thin disk, inner slim disk, very compact hot corona
strong outflows, both polar and equatorial

Lkin . Lrad

Super-Eddington
RX J0439.6−531

Notes. (1) Nomenclature for the Eddington ratio ranges used in this work, with an indicative order of magnitude, and an indicative range of values
in parentheses. (2) Accretion and ejection flow main physical characteristics. (3) Type of energy feedback between the AGN and the environment:
kin = kinetic, rad = radiative. (4) Classes of objects or individual examples of well-studied local AGN.

configuration from a thin disk to a thicker one; the covering factor of the sub-relativistic winds will be maximum, and also polar
outflows will be present (e.g., Sa̧dowski & Narayan 2016).
We assume that the higher ṁ, the larger the radial extent
of the outer cold and optically thick accretion flow. In other
words, the cold flow moves further in toward the central SMBH,
whereas the inner accretion flow that is hot and optically thin
has its size and temperature decreasing with increasing ṁ. This
is similar to the models of Falcke et al. (2004) for LLAGN, and
of Esin et al. (1997) and Done et al. (2007) for stellar mass black
hole binaries, and to the model by Różańska & Czerny (2000)
for accreting BHs in general. As for the outflow, we assume that
with increasing ṁ, it becomes less and less dominated by the
polar relativistic jets and more and more by the sub-relativistic
accretion disk winds, and that these winds increase their geometrical covering factor with increasing ṁ.
The main properties of the structure of the inner accretion/ejection flow for the five different ṁ regimes are summarized in Table 1 along with examples of known AGN for each
regime. In Fig. 1, we present a sketch of the side view of the inner
parsec AGN structure for the five different ṁ regimes. Figure 2
presents a sketch of the intrinsic SED corresponding to each
ṁ/MBH regime. To illustrate the effects of the different accretion
disk temperature on the structure of the radiation driven winds
for different BH masses, for the luminous AGN in the moderate
and high ṁ regime we present the two cases: MBH  108 M
and MBH & 108 M .
In Sect. 2.1 we discuss the effects of varying black hole
mass in luminous AGN, while in the following subsections, we
describe the main physical and observational properties of the
five different ṁ regimes: very low ṁ  10−6 in Sect. 2.2; low
10−6 . ṁ . 10−3 in Sect. 2.3; moderate ṁ & 10−2 in Sect. 2.4;
high ṁ & 0.25 in Sect. 2.5; and very high ṁ  1 in Sect. 2.6.
2.1. Effect of black hole mass

At the lowest ṁ, matter is fully ionized, and the accretion/ejection flow properties are independent of the BH mass, as
the plasma physics governing the corresponding flows is scale
invariant. Scaling of the accretion and ejection flow physical
properties across the mass range is broken once the density

increases enough to allow for cooling to become efficient, and
the atomic absorption opacities of the accreted/ejected matter
to become important. In particular, in the Shakura & Sunyaev
(1973) solution for ṁ & 0.01, where the accretion flow is a geometrically thin, optically thick accretion disk, the temperature


−3
2
scales as T 4 ∝ ṁ/MBH
Rin /Rg . For a large MBH & 108 M ,
the peak disk temperature will be around the optical/UV; while
for small MBH  108 M , it will move toward the far UV/soft
X-ray regime.
The relative UV/X-ray photon flux and matter opacities of
the inner accretion flow are critical to the launching and acceleration of line-driven accretion disk winds (LD disk winds). LD
acts as a booster of the radiation pressure when most of the gas
opacity is in spectral lines, and it is therefore strongly dependent
on the matter ionisation state (Castor et al. 1975; Murray et al.
1995; Proga et al. 2000; Dannen et al. 2019). A UV flux that
is too low will not be able to exert enough pressure to launch a
LD wind, and a X-ray flux this is too large will ionize the matter
above a level where LD is no longer effective (“overionizing” it).
Therefore at a given ṁ, a large MBH will favor the development
of a powerful (dense, fast, persistent) LD disk wind over a larger
range of radial disk scales, while a small MBH will have a disk
where the circumnuclear gas over a large range of radial scales
will get overionized and will therefore be a failed LD disk wind
(Proga & Kallman 2002; Proga 2005; PK04).
Following Proga et al. (2002), we plot in the top panel
of Fig. 3 the UV Eddington ratio LUV /LEdd as a function of
the bolometric Eddington ratio L/LEdd , for nine different black
hole masses, from 102 M to 1010 M . To calculate LUV , a pure
Shakura & Sunyaev (1973) accretion disk was assumed, and its
radial temperature profile was calculated where the disk temperature 12 000 K ≤ T ≤ 50 000 K (or 12 000 K ≤ T ≤ T max
if T max < 50 000 K). The UV photons are the main ones capable of driving a LD wind, while higher energy photons coming
from hotter regions of the accretion disk are the ones capable of
making the wind fail, by overionizing the UV-absorbing atoms.
Focusing on the MBH = 108 M case, which is marked by the
dashed line in Fig. 3, one can see the effect of increasing disk
temperature with increasing ṁ: at 1% of the Eddington limit
almost all the luminosity is emitted in UV (ΓUV . Γ); at Γ ∼ 0.1,
A94, page 3 of 14
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Fig. 1. Logarithmic-scale side view of the inner parsec of the accretion
and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the magnetically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thickness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ∼c of the radio jet, to the ∼0.4c of the fastest
UFOs launched at r ∼ 10rg , to the ∼0.1−0.2c typical of BALs and miniBALs launched at r ∼ 102 −103 rg , to ∼0.01−0.1c of the BALs and miniBALs launched at r ∼ 103 −104 rg , out to ∼0.001c of low-velocity NALs
launched at r > 104 rg . Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical efforts.

LUV is about a half of the total disk luminosity; and at Γ ∼ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106 M , the temperatures involved are
A94, page 4 of 14

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven different
ṁ, MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.

much hotter than the MBH = 108 M case, and the corresponding
LUV is less relevant to the bolometric budget, being ∼1/5, 1/10,
and 1/15 of the total disk luminosity when Γ ∼ 0.01, 0.1, and
0.5.
In the case of SMBHs, the temperatures will allow the development of LD accretion disk winds (PK04). In the bottom
panel
√
of Fig. 3, we plot the circular velocity υ(R) =
GMBH /R,
where R is the radius where T = 50 000 K or T = T max if
T max < 50 000 K, as a function of ΓUV , for the same nine values of MBH as above. The LD disk wind terminal velocity is
υout ∼ 4υ. In this figure one can see how large terminal velocities υout > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray photons will move down the curves for the terminal velocities at
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and Compton emission from the hot optically thin flow, where
the energetic contribution of the latter increases over the former with increasing ṁ (Mahadevan 1997), and by synchrotron
emission from the polar jet (e.g., Mościbrodzka et al. 2014).
Thermal emission features are absent, and intrinsic obscuring
structures such as a torus or a BLR are not expected to exist
(Nicastro 2000; Elitzur & Shlosman 2006; Elitzur & Ho 2009).
Low-velocity (υout ∼ 100−1000 km s−1 ) magnetically or thermally driven winds can be launched in the outer regions of the hot
accretion flow, on the order of tens of thousands Rg (e.g., Yuan
et al. 2012). These winds would appear as slightly blueshifted,
weak (column density NH . 1020 cm−2 ) X-ray NALs. Systems in
this regime are quiescent or inactive, such as our own Galactic
center Sgr A*.
2.3. Low ṁ ∼ 10−4 : Low-luminosity active galactic nuclei

Fig. 3. Top panel: UV Eddington luminosity LUV /LEdd ≡ ΓUV as a function of bolometric Eddington luminosity L/LEdd ≡ Γ for a Shakura &
Sunyaev (1973) accretion disk around nine different black hole masses,
from 102 M to 1010 M ; the case MBH = 108 M is plotted with a
dashed line. Bottom panel: circular velocity at the radius where the disk
temperature T = 50 000 K or T = T max if T max < 50 000 K, as a function
of ΓUV , for the same nine values of MBH as in the top panel.

all masses. The important point is that given the SED of AGN,
when ṁ and MBH are large enough, the launch and acceleration
of a LD accretion disk wind is expected (PK04; Risaliti & Elvis
2010).
2.2. Very low ṁ  10−6 : Quiescent active galactic nuclei

In this ṁ regime, radiation-driven winds cannot be launched.
From a theoretical perspective, at very low ṁ (much less than
10−6 ), the density is so low that electron heating is negligible,
most of the accretion energy goes into the ions that do not emit
significantly, and causes them to be advected into the SMBH
(Narayan & Yi 1995). At such low densities the radiative cooling,
and thus the accretion radiative efficiency η, are negligible, and the
inner accretion flow is hot, optically thin, and geometrically thick.
High velocity bipolar outflows, that is, jets, are expected (Narayan
& Yi 1994; Blandford & Begelman 1999). Numerical simulations
show that the flow can, however, deviate easily from being advection dominated, and start to emit with some non-null radiative
efficiency. In particular, when heating is allowed to evolve independently in ions and electrons, most of the heat goes into the
electrons in the more polar regions of the flow that are dominated
by magnetic pressure, with respect to the more equatorial regions
that are gas-pressure dominated and where most of the heat goes
into the ions. Albeit non-negligible, the radiative efficiency is very
low (η  0.1%), and the kinetic luminosity associated to the
jet completely dominates the AGN energetic output (e.g., Ressler
et al. 2015). The continuum SED is dominated by bremsstrahlung

As the density of the inner accretion flow increases, radiative
cooling starts to be important in the more equatorial regions of
the flow, and the hot optically thin flow collapses in its outer
zones into a colder, geometrically thinner zone: this will happen
around ṁ ∼ 10−4 (Sa̧dowski et al. 2017; Ryan et al. 2017) and
at radii on the order of 103 −104 Rg (Yuan & Narayan 2014). At
this low ṁ, the electrons can be already efficiently heated up in
the polar regions by magnetic fields, and radiation coming from
these hot regions can be produced with an efficiency as high as
η ∼ 0.005 (Sharma et al. 2007) or even higher, depending on the
electron temperature, but always lower than η ∼ 0.05 (Sa̧dowski
& Gaspari 2017). At these low Eddington ratios, the torus, the
BLR, and their associated reprocessing features are still negligible or very weak, and as in the previous ṁ regime most of
the SED will be due to the Compton, bremsstrahlung, and synchrotron emission from the inner hot flow and the jet.
Systems in the low ṁ regime are LLAGN, which lack strong
thermal emission in the optical/UV (Ho 1999) and where the
disk, if present, is truncated at large radii. The contribution of
the thermal disk to the SED will be therefore very small, albeit
non-null. As in the previous regime, the ejection flow is magnetically dominated, with high-velocity collimated polar radio jets
that through kinetic luminosity exert most of the feedback, with
the addition of low-velocity outer winds (Yuan et al. 2012; Yuan
& Narayan 2014). The outer winds can imprint weak features in
the UV and X-ray spectra as low-velocity, low column density
(υout ∼ 100−1000 km s−1 , NH ∼ 1020−21 cm−2 ) NALs. Increasing
ṁ will decrease the optically thick equatorial region truncation
radius and increase its thermal contribution in the optical/UV
SED, going toward the next ṁ regime.
2.4. Moderate ṁ ∼ 10−2 : Luminous active galactic nuclei

In this ṁ regime, radiation pressure is able to launch winds
from accretion disk scales. Most of the accretion flow above
ṁ ∼ 10−2 is optically thick and radiatively efficient (η ∼ 0.1,
Davis & Laor 2011), as the accreted matter is able to radiatively
cool down and stay geometrically thin: theoretically, the accretion flow transitions into an accretion disk that emits mainly in
the optical and UV, with a peak temperature inversely proportional to the BH mass (Shakura & Sunyaev 1973). There are no
advanced and extensive numerical simulations yet for the transition of AGN from the previous into this Eddington ratio regime,
where atomic physics effects severely complicate the computations. Therefore the exact geometrical configuration of the inner
accretion/ejection flow is largely uncertain (Sa̧dowski & Gaspari
2017).
A94, page 5 of 14
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Here we assume that the accretion disk does not extend
always down to the innermost stable circular orbit (ISCO) but
that instead the optically thick and optically thin matter distribution smoothly follows the configuration in the previous low
ṁ regime, with the optically thick disk extending more and more
toward the central SMBH with increasing ṁ, and toward the next
high ṁ one, where the disk finally reaches ISCO. The most central portion of the accretion flow consists of the hot, compact,
optically thin plasma (in this regime called the X-ray corona,
e.g., Haardt & Maraschi 1991) that Compton upscatters a fraction of the thermal seed disk photons, giving a highly variable
X-ray power law emission (Mushotzky et al. 1993).
In this moderate ṁ regime, the AGN structure resembles most the one depicted in the geometrical unified model
(Antonucci 1993), with a well-formed obscuring torus and a
BLR, both reacting to the strong photoionizing AGN continuum
emission and producing reprocessing features due to scattering,
reflection, and absorption, in the AGN spectra both in the optical/UV and X-ray band. The polar jet emission is suppressed
compared to the previous ṁ regimes, and the AGN feedback is
mainly in radiative form. The radiation produced in the AGN
central engine can additionally significantly affect the accretion flow by depositing enough momentum to drive wide-angle,
subrelativistic mass outflows. In particular, the low-ionization
BLR can be explained by a failed continuum radiation-driven
dusty wind on radial scales of the order of the dust sublimation radius (Czerny et al. 2017), that is, a torus wind. The highionization BLR can instead be explained by an inner failed
LD disk wind: as a cold accretion disk is formed and the
AGN is actively accreting, a LD disk wind can be launched
(Murray et al. 1995; Proga et al. 2000; PK04). However, the
energetic output of AGN in this moderate ṁ regime is too large
in the X-ray band compared to the UV band to allow for a persistent LD disk wind to be formed (Murray & Chiang 1995),
and there is a large radial zone where the matter gets overionized by the strong central continuum emission, fails to become
part of the wind, and forms a failed accretion disk wind (Proga
2005). We identify this (mainly failed) wind component with
the high-ionization BLR. Only at outer radii, where the strong
ionizing radiation is filtered by the failed inner wind, can LD
disk winds be launched, reaching terminal velocities on the order
of a few 1000 km s−1 , which would manifest as low-velocity
X-ray or UV NALs and mini-BALs. The BH mass is important in this ṁ regime, as described in Sect. 2.1. In particular,
for MBH & 108 M the disk is cold enough to provide a sufficient number of UV photons to push a wind from accretion
disk scales, therefore explaining somewhat broader, deeper, and
moderate-velocity (5000 km s−1 . υout . 0.1c ) features such as
mini-BALs and low-velocity UFOs.
Strong reprocessing features are imprinted in the optical, UV,
and X-ray spectra of AGN in this ṁ regime, both in terms of
emission and reflection, and blueshifted absorption when the
wind features intercept the line of sight (hereafter l.o.s.; see, e.g.,
Sim et al. 2010; Matthews et al. 2016). When the l.o.s. intercepts
the wind, absorption features due to gas with a much larger column density (NH ∼ 1021−23 cm−2 ) compared to the weak features
due to low-density outer winds of the previous ṁ regimes, will
appear in the X-ray and UV spectra.
2.5. High ṁ & 0.25: Wind-dominated active galactic nuclei

In this ṁ regime, powerful radiation-driven accretion disk winds
are launched. The optically thick, geometrically thin accretion
disk inner radius extends very close or down to ISCO, and
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its optical and UV radiative output dominates the AGN SED
over the X-ray emission due to the corona, which is significantly cooled down by the interaction with the disk itself. Above
ṁ & 0.25, the radiation pressure is large enough and the relative contribution of X-ray photons over the UV ones is low
enough, to allow the production of strong, persistent LD disk
winds avoiding strong overionization (PK04; Risaliti & Elvis
2010). The formation of the most powerful LD disk winds is,
however, challenging in very low BH mass AGN, as discussed
in Sect. 2.1: in this case the absorption features will resemble
more mini-BALs than BALs. On the contrary, for very large BH
masses the disk temperature is low enough to allow the launch
and acceleration of powerful (massive, NH ∼ 1022−24 cm−2 , fast,
persistent) accretion disk winds that can develop over a vast
radial range, and thus producing BALs when observed along the
l.o.s.
2.6. Very high ṁ  1: Super-Eddington sources

In this ṁ regime, the AGN is completely outflow dominated,
presenting strong, radiation driven disk winds and polar jets
(McKinney et al. 2014; Jiang et al. 2014). The geometry and the
physics of the inner accretion flow deviate from a geometrically
thin and optically thick accretion disk: the inner part of the disk
becomes radiation pressure dominated, puffs up, and becomes
geometrically thick (slim disk, Abramowicz et al. 1988). The
inner slim disk obscures the very inner accretion flow and favors
the development of polar jets; there, the emitted radiation can
be beamed by factors of 2−10 (Sa̧dowski & Narayan 2016).
The radiative efficiency is uncertain, from a few thousandth
(Sa̧dowski et al. 2014) to a few percent (Jiang et al. 2019); in
any case at least one order of magnitude below the radiative efficiency of luminous AGN accreting at moderate or high ṁ. In
this regime, the inner hot plasma will be the coolest and densest among the five different ṁ regimes, and the X-rays will be
intrinsically the weakest when compared to the optical and UV
emission from the disk, which dominate the SED. The strongest
absorption features will be observed when the l.o.s. intercepts
the winds, with terminal velocities of tenths of c and column
densities NH > 1023 cm−2 .

3. Comparison with observations
Active galactic nuclei display a plethora of different observational properties that can be explained to a large extent in the
scenario outlined in Sect. 2, where the inner accretion/ejection
flow changes with ṁ and MBH .
3.1. Broad, mini-broad, and narrow absorption lines

Broad absorption line, mini-broad absorption line, and narrow
absorption line (BAL, mini-BAL, and NAL) QSOs are AGN
that host intrinsic blueshifted UV absorption lines of decreasing width, indicating the presence of massive winds coming
from their inner regions, with a decreasing range of velocities
observed along the l.o.s. Among these, BAL QSOs were the
first to be discovered (Lynds 1967), and are by far the beststudied sources. BAL features are observed in about 10–15%
of optically selected QSOs; the observed fraction of BAL QSOs
has to be corrected for absorption and selection effects, to an
intrinsic fraction of about 20–25% (e.g., Weymann et al. 1991;
Gibson et al. 2009a). In the IR band, the intrinsic fraction of
AGN hosting BALs is larger than 40% (Dai et al. 2008), indicating strong selection effects against the detection of BALs in the
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optical. It has been debated for years whether the intrinsic fraction of BAL QSOs corresponds to the covering fraction of a
wind always present in all AGN (e.g., Murray et al. 1995), or
to the duty cycle of a fully covering wind present only during a
phase of life of the AGN (e.g., Voit et al. 1993). In the scenario
presented in this work, the answer is between these two: as the
presence and strength of the LD disk wind depend on the ṁ and
MBH of the AGN, the intrinsic fraction of BAL QSOs contains
information on both the AGN wind duty cycle, and the wind
geometrical covering fraction. To disentangle these two physical
concurring factors from the dependence on ṁ and MBH is the task
of ongoing theoretical and observational efforts. The percentage
of AGN hosting mini-BALs and NALs is more uncertain, however it is estimated that all together, BAL, mini-BAL, and NAL
features are present in more than 60% of all QSOs (Ganguly
& Brotherton 2008; Hamann et al. 2012). These large fractions
demonstrate that the investigations of BAL, mini-BAL, and NAL
QSOs are crucial to understand the geometry and the physics of
the inner regions of AGN in general.
Broad absorption line QSOs appear X-ray weak with respect
to non-BAL QSOs (Green et al. 1995). On one hand, such
X-ray weakness is consistent with being due to X-ray absorption (Brandt et al. 2000; Gallagher et al. 2001), and the intrinsic
SED of BAL QSOs with being typical of unabsorbed, non-BAL
AGN (Gallagher et al. 2007). On the other hand, a significant fraction of X-ray bright, X-ray unabsorbed BAL QSOs
exists, albeit with less powerful outflows than the X-ray weak
ones (Giustini et al. 2008). The strength3 of the blueshifted
UV absorption increases with the UV luminosity (Ganguly &
Brotherton 2008), as well as with the X-ray weakness of the
AGN (Laor & Brandt 2002; Vito et al. 2018), and with the amount
of X-ray absorption (Giustini et al. 2008), as predicted in LD disk
winds scenarios. Recent hard X-ray observations performed with
the Nuclear Spectroscopic Telescope Array (NuSTAR) revealed
the intrinsically X-ray weak character of powerful BAL QSOs
that are also strongly X-ray absorbed (Luo et al. 2013, 2014). The
strongest BAL QSOs thus belong to the high and very high ṁ
regimes, where the optical/UV emission from the disk is dominant over the X-ray coronal emission, and the strongest LD disk
winds are expected. In the moderate ṁ regime (or in the high ṁ
regime with small MBH  108 M ), the UV absorption features
would be weaker, such as mini-BALs and NALs, and hosted in
relatively X-ray louder AGN, as observed (Giustini et al. 2008;
Gibson et al. 2009b; Chartas et al. 2009a).
The physical relation between NAL, mini-BAL, and BAL
QSOs is not yet understood. The observed UV/X-ray properties of mini-BAL QSOs are in between those of BAL and nonBAL QSOs (Gibson et al. 2009b; Wu et al. 2010), and the
X-ray weakness increases going from NAL to mini-BAL to BAL
QSOs (Chartas et al. 2009a). This could mean a geometrical difference of our l.o.s., where BAL, mini-BAL, and NAL structures may coexist in the same AGN while occupying higher and
higher latitudes above the accretion disk plane (Hamann et al.
2012); or a physical difference, with, for example, mini-BALs
being seeds capable of evolving into BALs if the AGN spectral
3

The strength of the blueshifted UV absorption can be quantified by
means of the Balnicity Index (BI; Weymann et al. 1991), the Absorption Index (AI; Hall et al. 2002), or modifications of a generic index of
absorption (Saturni et al. 2018). All these indices are integrals of the
area subtended by the absorption troughs and are a measure of their
equivalent width, blueshift, and width; these physically correspond to
the column density and covering fraction, terminal velocity, and velocity dispersion/range of velocities of the winds producing the absorption
troughs.

energy distribution changes favorably (Gibson et al. 2009b). In
recent years, there have been observations of non-BAL QSOs
developing BALs (Hamann et al. 2008; Krongold et al. 2010),
of NALs evolving into BALs (Ma 2002), of mini-BALs evolving into BALs (Rodríguez Hidalgo et al. 2013); the canonical
Seyfert1 NGC 5548 has been observed in an X-ray obscured
state, and has been discovered to have concurrently developed
UV mini-BALs (Kaastra et al. 2014). In some cases, the difference between BALs and mini-BALs and NALs could also be due
to instrumental effects, that is, to a spectral resolution insufficient
to disentangle multiple, narrow absorption troughs that therefore
appear as a unique, artificially broader absorption trough (Lu &
Lin 2018). All in all, the BAL-nicity of an AGN will depend
on both the physical configuration of the wind intercepted by
our l.o.s., and on the geometrical angle of inclination between
our l.o.s. and the wind itself: in our picture, all Seyfert galaxies
will appear as NAL or mini-BAL QSOs when observed along
the “right” l.o.s., and all QSOs will appear as mini-BAL or BAL
QSOs when observed along the “right” l.o.s.
A value of the Absorption Index AI ∼1000−2000 km s−1
is found to separate the strongest BAL features, which correspond to highly X-ray absorbed AGN, from the weaker ones,
which correspond to lowly X-ray absorbed and unabsorbed AGN
(Knigge et al. 2008; Giustini et al. 2008). We suggest that the AI
is inversely proportional to the launching distance of the wind,
and that the AI ∼1000−2000 km s−1 observed threshold corresponds to a physical difference: larger AI values correspond to
UV-absorbing features due to stronger winds that are launched
by either radiation or magnetic pressure from small scales in the
accretion disk; while lower AI values correspond to features due
to weaker winds, which are launched in the outer parts of the
accretion disk or even farther away from the central SMBH, and
that could be easily accelerated by thermal pressure or by largescale shocks due to the impact of the innermost faster winds
on the intergalactic medium (e.g., Faucher-Giguère et al. 2012).
This could be the case of the BALs that are inferred to be situated at more than 100 pc from the central SMBH (Arav et al.
2018).
3.2. Presence or absence of line-driven disk winds and the
active galactic nuclei structure

In Fig. 4 we plot the locations of several AGN, which are mentioned in this article, in the ṁ−MBH plane, where the MBH and
ṁ values are taken from the literature. The five ṁ regimes introduced in our scenario are separated by horizontal dotted lines.
Two further red dashed lines represent the approximate lower
boundary in terms of ṁ and MBH for the expected presence of
LD mini-BALs and BALs. The lines delimiting the various areas
are rather fuzzy to represent the divisions between the regimes,
which are not rigidly defined4 .
4

At the boundary between different ṁ−MBH regimes there is no sudden switch between the presence or absence of, for example, miniBALs, but a smooth transition of physical properties between systems
capable of, for example, launching strong mini-BALs toward systems
able to launch BALs, with some sources indeed presenting a superposition of the two phenomena, or a transition in time between the two
phenomena (e.g., Rodríguez Hidalgo et al. 2013; Moravec et al. 2017).
A more precise identification of the location of the transition between
mini-BALs and BALs in the ṁ−MBH parameter space, as well as the
inclusion of large samples of AGN at different redshift into the ṁ−MBH
plane as a function of their intrinsic UV/X-ray SED and outflow properties, are tasks deserving of future investigations.
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Fig. 4. Eddington ratio ṁ and black hole mass MBH parameter space with the five different ṁ regimes marked by dotted lines (note that the
vertically logarithmic scale is nonlinear). The two dashed curves mark approximately the lower limit in the ṁ−MBH space for the existence of
UV LD mini-BALs (bottom curve) and BALs (upper curve). The location of various AGN mentioned in this article is marked in the figure.
References for the individual measurements of log(MBH /M ) and ṁ (or LBOL , assuming η = 0.1 for luminous AGN) are taken from the literature
and reported in parentheses, respectively from: Botte et al. (2004) and Kara et al. (2017) for Ark 564 (6.4, 1.1); Vestergaard & Peterson (2006)
and Martínez-Paredes et al. (2017) for I Zw 1 (7.4, 1.4); Bentz et al. (2009) and Vasudevan et al. (2010) for Mrk 766 (6.2, 0.4∗ ); Greenhill et al.
(1996) for NGC 1068 (7.2, 0.5); Risaliti et al. (2013) and Vasudevan et al. (2010) for NGC 1365 (6.3, 0.025); Pancoast et al. (2014) and Vasudevan
et al. (2010) for NGC 5548 (7.6, 0.025); Grupe et al. (2010) and Middei et al. (2018) for HE 0436−4717 (7.8, 0.09); Dasyra et al. (2007) and
Giustini et al. (2011) for PG 1126−041 (8.1, 0.25); Peng et al. (2006) and Chartas et al. (2007) for PG 1115+080 (9.1, 0.2); Saturni et al. (2018) for
APM 08279+5255 (10.4, 0.4); Nardini et al. (2015) for PDS 456 (9, 0.8); Jin et al. (2017a) for RX J0439.6−5311 (7.2, 1.8), Czerny et al. (2016)
for RE J1034+396 (6, 1); Vasudevan et al. (2010) for NGC 985 (8.4, 0.05); Vasudevan et al. (2010) for NGC 3783 (7.5, 0.05); Devereux et al.
(2003) and Ho et al. (1996) for M 81 (7.8, 6 × 10−4 ); Gebhardt & Thomas (2009)Prieto et al. (2016) for M 87 (9.8, 10−6 ); and Ghez et al. (2008)
and Mościbrodzka et al. (2009) for Sgr A* (6.6, <10−6 ). (*) Vasudevan et al. (2010) estimate a lower ṁ for Mrk 766 as they use a larger BH mass
than the one used here.

At very low and low ṁ, the accretion flow is hot and geometrically thick, and favors the development of relativistic polar
jets, whose emission dominates the SED (e.g., Sgr A*, see
Mościbrodzka & Falcke 2013). In particular, at very low ṁ, LD
disk winds cannot develop at any MBH , due to the absence of
an accretion disk. At low ṁ instead, an outer accretion disk
can be present, but truncated at large radii (∼103 −104 Rg ), as
inferred, for example, from the detailed X-ray spectral analysis of the nucleus of the LLAGN in NGC 4258 (Reynolds et al.
2009), or from the broadband SED fitting of a sample of LLAGN
(Nemmen et al. 2014). The LLAGN will appear as “true type
2” AGN, with very low intrinsic UV and X-ray obscuration, as
there is no or little disk, no or little BLR, and no or little equatorial torus, as observed by Ho (1999), Marinucci et al. (2012),
and Nemmen et al. (2014). The presence of an outer disk might
allow the launch of LD disk winds, but only in the (relatively)
higher ṁ and largest MBH systems. These winds will be launched
at relatively large distances from the SMBH and over a narrow
range of radii, therefore observationally will produce weak, lowA94, page 8 of 14

ionization BLR emission lines, and low column density, lowvelocity (υout  2000 km s−1 ) mini-BALs in absorption.
At moderate and high ṁ, LD disk winds can be launched.
Here the AGN are in the Seyfert or QSO regime and resemble most the model of Antonucci (1993): a torus, a disk, and
the BLR are indeed predicted (Nicastro 2000; Elitzur & Ho
2009) and observed to exist (Elvis et al. 1994; Shang et al.
2011; Netzer 2015). These introduce a fundamental geometrical difference in observational properties between sources seen
at large inclination angles (obscured, type 2 AGN), and sources
observed at low inclination angles (unobscured, type 1 AGN).
In the scenario outlined in this work, the differences between
type 1 and type 2 AGN will, however, be not only geometrical,
but also physical, due to the presence or absence of strong LD
disk winds in different ṁ and MBH regimes. The covering factor of the LD disk wind will crucially depend on the X-ray/UV
flux ratio, and will increase with increasing ṁ and MBH : for low
MBH and ṁ, the wind will be mainly failed, while increasing
MBH and ṁ will increase the effectiveness of radiation pressure
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to launch fast winds over a large disk radial range. Therefore
for the observer, the AGN will appear as Seyfert, NLS1s/miniBALs, and BAL QSOs with increasing ṁ and MBH . One prediction of this scenario is therefore that Seyfert galaxies with large
enough MBH and ṁ will develop mini-BALs; and these will be
less sporadic, broader, deeper, and faster as MBH and ṁ increase.
The presence of time-varying mini-BALs with outflow velocities
up to ∼5000 km s−1 has been revealed by high-quality spectroscopic observations of the moderately accreting Seyfert 1 galaxies NGC 3783, NGC 5548, and NGC 985, with their strength
being inversely proportional to the soft X-ray flux of the AGN
(Mehdipour et al. 2017; Kaastra et al. 2014; Ebrero et al. 2016),
as predicted in LD disk winds scenarios.
By increasing MBH and ṁ, the AGN will eventually enter
the BAL QSO regime, where powerful, wide-angle LD disk
winds are launched (e.g., APM 08279+5255, PDS 465; see, e.g.,
Chartas et al. 2009b; Nardini et al. 2015). The effects of radiation pressure create the BLR: the bulk of the low-ionization
BLR (e.g., Hβ, Mg ii) is created by continuum radiation pressure on dusty gas at torus (i.e., outer disk) scales, and reacts
to continuum luminosity changes on timescales of days; while
the bulk of the high-ionization BLR (e.g., C iv, N v) is created by spectral line radiation pressure acting on sub-parsec
scales, that is, on the inner accretion disk, and varies on
shorter timescales (Sulentic et al. 2000b; Peterson et al. 2004;
Fausnaugh et al. 2016. Furthermore, part of the low-ionization
BLR can be formed within the LD disk wind, either in cold
clumps within the wind, or at the wind base itself. It has been
shown by Kashi et al. (2013) that at the base of a slowly accelerating wind that originates in a Keplerian disk, the virialization of
the flow is maintained, contrary to the main body of the wind that
will be significantly outflowing. Therefore the base of the LD
disk wind can contribute to the symmetric, slowly blueshifted
low-ionization BLR, while the bulk of the wind material itself
can contribute to the asymmetric, strongly blueshifted highionization BLR (Richards et al. 2011). As the wind launching
region successfully extends over a vast radial portion of the inner
flow at the expense of a less extended zone of failed wind, at high
ṁ reprocessing features such as the BLR are still present in the
SED albeit with relatively less prominence than in the moderate
ṁ case (thus qualitatively explaining the optical/UV and X-ray
Baldwin/Iwasawa-Taniguchi effects, Baldwin 1977; Iwasawa &
Taniguchi 1993), and show evident effects of reprocessing into
the wind, for example, strong blueshift or asymmetry (e.g.
Sim et al. 2008).
At very high ṁ > 1, the system is outflow dominated both
in the polar and the equatorial region: the strongest UV and
X-ray absorbing winds are produced, and the covering factor
of the wind will be maximum, not far from 4π sr. Low redshift AGN observed in this regime are often extreme NLS1
where the SED is disk dominated, for example RE J1034+396,
RX J0439.6−5311 (e.g., Jin et al. 2009, 2017b). At higher redshift, probing larger BH masses and more luminous AGN in
the QSO regime, the inner accretion flow of super-Eddington
sources is inferred to be self-obscured, giving X-ray weak
sources with a very weak high-ionization BLR and reprocessing
features (e.g., PHL 1811 and analogs, Luo et al. 2015). Recent
observations of luminous QSOs with a very weak BLR revealed
indeed very steep X-ray spectra, indicative of high ṁ (Marlar
et al. 2018).
From a general point of view, at very low and low ṁ, the
accretion and the ejection flows are almost isotropic, that is, the
inclination angle of the observer’s l.o.s. is generally unimportant,
except for the polar region, where the relativistic jet emission is

observed being boosted when observed parallel to the l.o.s. (e.g.,
Ghisellini et al. 1993). On the contrary, at moderate and high
ṁ, the accretion and ejection flows are more equatorial, and the
presence of LD accretion disk winds and their failed component
makes the accretion and ejection flow very structured: therefore
the appearance of the AGN will depend a lot on the inclination of the observer’s l.o.s. At very high ṁ, the presence of both
equatorial and polar outflows makes the accretion and ejection
flow again quite isotropic. The geometrical effects dependent on
the observer’s l.o.s. for the moderate and high ṁ AGN are discussed in Sect. 3.3.
3.3. Geometrical effects due to the presence of line-driven
disk winds

The presence or absence of strong equatorial disk winds introduces an important element of anisotropy for the AGN accreting
at moderate and high ṁ. We illustrate in Fig. 5 different l.o.s.
toward the central engine of AGN in these ṁ regimes, also differentiating between the small and large MBH cases. Only for
polar or quasi-polar l.o.s. will the AGN central engine be clearly
visible. In this case the AGN will appear “bare”, with a minimum amount of X-ray and UV absorption (with column densities NH . 1020−21 cm−2 ), as observed in local type Seyferts
such as Ark 120 (Vaughan et al. 2004) or Ark 564 (Giustini
et al. 2015); or in general, as observed in luminous, unabsorbed,
type 1 QSOs. However, the inner environment of such AGN will
not be completely bare, as plenty of gas is still present outside
the l.o.s., as demonstrated by the reprocessing features detected
in long X-ray observations of Ark 120 (Reeves et al. 2016),
or from the strongly blueshifted high-ionization broad emission
lines observed in the spectra of luminous type 1 QSOs, indicating reprocessing in large columns of outflowing gas (Richards
et al. 2011).
For non-polar l.o.s., the LD disk wind will be intercepted,
and the intervening material will introduce significant reprocessing features in the observed SED (e.g., Schurch et al. 2009; Sim
et al. 2010). In particular, the observed absorption features due to
the wind material will be weak or strong, depending both on how
intrinsically strong the wind is, and on how deep into the flow
the l.o.s. is going. Specifically, broad absorption lines (BALs)
are produced when a wide range of velocities are involved in the
flow as seen by the observer, either because of an intrinsically
wide spread of velocities into the flow, or because of inclination
angle effects (e.g., Giustini & Proga 2012). Narrower absorption features (mini-BALs) will be observed in AGN with intrinsically narrower radial ranges where a disk wind can be launched,
that is, in moderate ṁ, small MBH , compared to high ṁ, large
MBH AGN. Also for high inclination angles through an equatorial wind, where mainly the transverse component of the velocity
vector is observed along the l.o.s., narrower absorption features
will be observed.
The low MBH , moderate ṁ case (bottom left quadrant in
Fig. 5) and the large MBH , high ṁ case (top right quadrant in
Fig. 5) present very different wind configurations that are easily
distinguishable. In the former case, there are only low-velocity
radiation-driven winds with sporadic mini-BALs launched at
large radii, and there is a vast radial range of failed wind (e.g.,
Murray & Chiang 1995; Proga 2005); this physical regime will
correspond to Seyfert galaxies. In the latter case, the ejection
flow is dominated by radiation pressure, with well-developed
LD disk winds originating from a vast range of disk radii
(PK04); this physical regime will correspond to BAL QSOs. It is
instead difficult to distinguish the low MBH , high ṁ case (top left
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Fig. 5. Sketch of the inner accretion/ejection flow for luminous AGN in four ṁ, MBH regimes, and different lines of sight labeled together with
names of known AGN. Bottom left: MBH  108 M , ṁ ≈ 10−3 −10−1 ; top left: MBH  108 M , ṁ & 0.25; top right: MBH & 108 M , ṁ & 0.25;
bottom right: MBH & 108 M , ṁ ≈ 10−3 −10−1 .

quadrant in Fig. 5) and the large MBH , moderate ṁ case (bottom right quadrant in Fig. 5). This is because in both cases their
disk winds will appear similar, with mini-BALs and only lowvelocity or sporadic BALs. This is due to the joint effect of the
higher ṁ (favoring a LD disk wind) and the hotter disk (disfavoring a LD disk wind) in the former case, compared to the latter.
While the phenomenology of Seyfert galaxies and BAL QSOs is
very different, the observed characteristics of NLS1s and miniBALs can be present in the same source (e.g., PG 1126−041 and
Mrk 335, see respectively Giustini et al. 2011; Longinotti et al.
2013).
For AGN with small MBH  108 M in the moderate ṁ
regime, episodic obscuration and outflows with low velocity
(υout < 2000 km s−1 ) and very narrow (FWHM  2000 km s−1 )
UV absorbing mini-BALs features can be observed at moderate inclination angles of the l.o.s. (e.g., NGC 5548, Kaastra
et al. 2014). At more equatorial inclination angles, plenty of the
failed wind component will be intercepted, giving less sporadic
but still low-velocity UV and X-ray absorption, and UV and
X-ray eclipses of the continuum source due to clumps of the
failed wind intercepting the l.o.s. (e.g., NGC 1365, Risaliti et al.
2005). In the high ṁ regime, somewhat broader mini-BAL-like
winds are feasible and moderate velocity (υout ∼ 2−5000 km s−1 )
UV and X-ray absorbing outflows are observed at moderate
inclination angles of the l.o.s. (e.g., I Zw 1, Laor et al. 1997;
Collinge et al. 2001; Silva et al. 2018); while more equatorial
l.o.s. will give again X-ray and UV eclipses of the central source
(e.g., Mrk 766, Risaliti et al. 2011).
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Stronger X-ray and UV absorption features are expected for
AGN with large MBH & 108 M , where a stronger LD disk
wind can be launched (PK04), giving “complex” and variable
spectra when intercepting the more clumpy portion of the welldeveloped wind. Moderate velocity UV and X-ray absorbing features will be observed at intermediate l.o.s. inclination angles
in large MBH , moderate ṁ AGN (e.g., υout ∼ 0.02−0.05c and
NH ∼ 1023 cm−2 as observed in the mini-BAL QSOs of the PG
catalog, Giustini 2016), and higher velocity and stronger features
(υout ∼ 0.2−0.3c and NH ∼ several 1023 cm−2 ) will be observed
for the same inclination angles in AGN in a high ṁ regime (as
observed for example in PDS 456, Gofford et al. 2014; Matzeu
et al. 2016; Hamann et al. 2018). More equatorial l.o.s. go deep
into the well-developed LD disk wind in large MBH AGN, and
the strongest features in terms of width, depth, and blueshift are
observed: this will be the case of the moderate ṁ mini-BAL
QSOs (e.g., υout ∼ 0.1−0.3c and NH ∼ 5 × 1022 −5 × 1023 cm−2
as observed in PG 1115+080, Chartas et al. 2003) and the high
ṁ BAL QSOs (e.g., υout & 0.4c and NH ∼ several 1023 cm−2 as
observed in APM 08279+5255, Chartas et al. 2002, 2009b; Saez
& Chartas 2011).
The absorption will become stronger and stronger going
toward equatorial l.o.s., until reaching the Compton-thick regime
(NH & 1024 cm−2 ) in type 2 AGN such as NGC 1068 or generally type 2, absorbed QSOs, where the primary emission due
to the central engine is totally suppressed and only hard X-ray
emission and reprocessing features are observed (Matt et al. 1997;
Kinkhabwala et al. 2002; Bauer et al. 2015). The circumnuclear
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absorbers are actually observed to be clumpy on all scales
(Markowitz et al. 2014; Ramos Almeida & Ricci 2017), therefore
there is still a non-null probability of observing the AGN central
engine also in obscured, type 2 AGN, in case of occultation events
caught on diverse scales, like on the accretion disk and BLR-scale
(e.g., Risaliti et al. 2005; Maiolino et al. 2010), or on the torusscale (e.g., Rivers et al. 2011, 2015; Marinucci et al. 2016).

4. Discussion
We propose a qualitative global scenario for AGN that includes
different accretion/ejection mechanisms depending on ṁ and
MBH . We assume that with increasing ṁ, a central hot flow
shrinks while an outer cold flow extends more and more toward
the central SMBH, similar to the models of Różańska & Czerny
(2000) and Falcke et al. (2004). At the lowest Eddington ratios
(very low and low ṁ in our nomenclature), the geometrical
and physical configurations of the AGN are comparable to the
ones described by these authors, while at moderate and high ṁ,
LD disk winds and their inner failed component are introduced
to explain the diverse appearance of the AGN inner structure.
A popular model aimed at unifying the AGN inner structure
through the presence of a wind on accretion disk scales is
the one proposed by Elvis (2000). In this model, all the AGN
diverse appearance is explained by different inclination angles of
the l.o.s. with respect to a hollow wind, which initially rises perpendicular to the disk, and then bends into a biconical outflow.
This wind geometry would give no absorption when the l.o.s.
is polar, deep and strongly blueshifted BALs when the l.o.s. is
intermediate and goes through the flow, and narrower absorption
features such as X-ray warm absorbers and UV mini-BALs and
NALs when the AGN is observed more perpendicularly across
the flow. Contrary to the Elvis (2000) model, where the wind is
geometrically thin, here the accretion disk wind is extended over
a large range of radial distances from the central SMBH. Furthermore, in our scheme radiation-driven accretion disk winds are not
always present. They are absent in the very low and low ṁ regimes,
and present but weak in the case of moderate ṁ, where the wind
is mainly failed; in the high and very high ṁ regimes the wind has
a large duty cycle and geometrical covering fraction, with a less
relevant failed component. The geometrical covering fraction of
the LD disk wind will thus increase with increasing ṁ and MBH .
This is relevant for the amount of AGN kinetic feedback, which
will also be proportional to the LD disk wind strength and will
therefore increase going from Seyfert galaxies to QSOs.
The UV/X-ray radiative output from the AGN central engine
is crucial for the acceleration of LD disk winds. In the moderate and high ṁ regimes, the UV/X-ray flux depends on the
relative energetic contribution of the cold, optically thick matter of the UV emitting accretion disk, and the hot, optically thin
matter of the inner X-ray emitting corona. The energetic contribution to the SED of the former is observed to increase over the
latter with increasing ṁ (Vasudevan & Fabian 2009; Jin et al.
2012). This is explained with the increased inner radial extent
of the UV disk, at the expenses of the X-ray corona, at larger
ṁ compared with lower ṁ. Assuming a constant radiative efficiency above ṁ ∼ 0.01, the relative UV/X-ray flux ratio will thus
increase with increasing ṁ, moving from low-luminosity Seyfert
galaxies toward higher luminosity-Seyfert galaxies and QSOs. A
consequence of our scenario is therefore that the X-ray coronae
in Seyfert galaxies will be extended up to a few tens Rg , different
than in QSOs where they will be very compact, only a few Rg in
size. Recent observations of distant microlensed QSOs revealed

very compact X-ray coronae only .10Rg in size (Chartas et al.
2009c; Dai et al. 2010; MacLeod et al. 2015). In comparison,
deep and broadband X-ray spectroscopic observations of the
local Seyfert Ark 120 suggest an extended corona (∼10−40Rg ,
Matt et al. 2014), and a decrease of the corona size with increasing flux of the continuum source (Porquet et al. 2019). Studies of
larger samples of sources are clearly needed in order to assess the
presence of a statistical difference in X-ray coronal size between
Seyfert galaxies and QSOs.
Radiation-driven disk winds driven by pressure on spectral
lines are a physical component that can explain many observational features of AGN, but not all of them: for example, the
BALs observed in the FR I radio galaxies (Fanaroff & Riley
1974), which are accreting at low ṁ, must be driven by magnetic
pressure. In our scenario, the low and very low ṁ AGN appear
as radio loud because they lack strong optical and UV emission,
and would correspond to the FR I, or LEG (low excitation galaxies, Laing et al. 1994). At higher ṁ, radio-loud AGN appear as
FR II (or HEG, high excitation galaxies) and do have an accretion disk (e.g., Ghisellini & Celotti 2001; Grandi & Palumbo
2004). The radio loudness associated to their powerful radio jets
is probably driven by the efficient extraction of rotational energy
from both the disk (Blandford & Payne 1982) and the black hole
(Blandford & Znajek 1977); however, the exact physical mechanism behind the launching and acceleration of the most powerful
radio jets is still under investigation (see Czerny & You 2016,
for a recent review). We note how there are no apparent differences in observed properties such as black hole mass, Eddington ratio, and BLR size between radio-loud and radio-quiet BAL
QSOs (Bruni et al. 2014), suggesting that the physical difference
between them might reside in different black hole spin values.
The scarcity of powerful radio-loud FR II BAL QSOs is probably due to the combination of a large black hole mass needed
to have a RL AGN (Laor 2000), which is possibly related to
the merger history of the host galaxies, where coherent mergers can increase the value of the BH spin (e.g., Fanidakis et al.
2011), and a high or very high ṁ to have a radiation driven BAL
wind, all in all giving a small region of the MBH −ṁ parameter space where the phenomenon of radio-loud BAL QSO can
manifest.
Highly ionized, high-velocity X-ray UFOs with log ξ ∼ 3−6
erg cm s−1 and υout ∼ 0.1−0.4c can be launched from very close
to the SMBH (Tombesi et al. 2012), and are therefore probably
sensitive to the very high ionizing flux, making them highly variable, and temporally transient (e.g., Pounds & Vaughan 2012).
The physical nature of UFOs is still to be clarified: they are
observed in both radio-quiet and radio-loud AGN (Tombesi et al.
2010b, 2014), and they could be launched either radiatively
(Matzeu et al. 2017) or magnetically (Fukumura et al. 2014). In
particular, radiation driven UFOs can be expected in the polar
regions of very high ṁ AGN, where baryon-loaded jets with
velocities of υout ∼ 0.3c are launched (Sa̧dowski & Narayan
2016); while magnetically driven UFOs can be expected at the
base of radio jets in radio-loud AGN accreting at any ṁ regime.
The capability of LD of launching disk winds strongly depends
on the ionization state of the gas, and it is maximum at moderate ionization states (log ξ . 2), where the opacity due to
UV spectral lines is also maximum; while it decreases significantly at higher ionization states (e.g., Arav et al. 1994). However, it has been shown by Dannen et al. (2019) that, given
the typical AGN SED, the effectiveness of LD can be significant also in the moderate X-ray regime (log ξ ∼ 3), therefore
possibly explaining the launch and acceleration of disk winds
producing the most moderate (in terms of ionization state and
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velocity) UFOs. Sporadic high-velocity ejections from the failed
LD disk wind are also observed in the hydrodynamical simulations performed by PK04, possibly explaining the transience
with a long duty cycle of the UFOs observed in moderately
accreting Seyfert galaxies such as Mrk 509 (Cappi et al. 2009).
Detailed analyses of long X-ray observations of local AGN
have shown strong variability of the UFO absorption features on
very short timescales, of the order of hours (Giustini et al. 2011;
Gofford et al. 2014). Also the broad UFO features observed
in the high redshift QSO APM 08279+5255 are found to be
highly variable in energy and intensity on rest-frame timescales
of months, implying a non-constant kinetic energy injection
in the surrounding media due to the disk wind (Saez et al.
2009; Chartas et al. 2009b). Future observations with the highresolution X-ray spectrometers onboard the X-ray Imaging and
Spectroscopy Mission (XRISM, Guainazzi & Tashiro 2018)
and the Advanced Telescope for High-ENergy Astrophysics
(ATHENA; Nandra et al. 2013) will allow us to reveal the actual
duty cycle of UFOs and therefore to unveil the dynamics of the
very inner accretion/ejection flow around SMBHs, and its contribution to the AGN feedback on the surrounding environment.

5. Summary and conclusions
We propose a global scheme for the inner regions of AGN
aimed at simplifying their understanding in terms of different
ṁ and, secondarily, different MBH , which lead to different accretion/ejection flows around the central SMBH. We suggest five ṁ
regimes where the physics of the AGN accretion/ejection flow is
expected to significantly change:
– very low ṁ  10−6 , where radiative cooling is negligible, the
accretion flow is completely optically thin and geometrically
thick, the ejection flow is magnetically driven and mainly
polar, with the feedback being mainly kinetic;
– low ṁ ≈ 10−4 , where radiative cooling starts to be important
in the outer equatorial regions but the accretion flow is still
dominated by its hot and geometrically thick component, and
the ejection flow is still polar and magnetically driven and the
feedback mainly kinetic;
– moderate ṁ & 10−2 , where radiative cooling is efficient and
the accretion flow is mainly equatorial, dominated by an optically thick and geometrically thin accretion disk, but strong
radiation -driven disk winds cannot develop, especially for
small MBH , and the feedback is mainly radiative;
– high ṁ & 0.25, where the accretion flow is disk dominated
and radiatively efficient, and for large MBH the ejection flow
is dominated by equatorial radiation-driven disk winds that
can significantly contribute to feedback via the injection of
kinetic energy into the surrounding environment;
– very high ṁ  1, where the inner disk puffs up under strong
radiation pressure, and both polar and equatorial outflows
contribute to the ejection flow.
These correspond observationally to quiescent and inactive
galaxies; LLAGN; Seyferts and mini-BAL QSOs; NLS1s and
BAL QSOs; and super-Eddington sources. The strongest LD
disk winds will be present in the largest MBH , highest ṁ AGN;
while only moderate LD disk winds are possibly present in
smaller MBH , moderate ṁ AGN; no LD winds are present in
low and very low ṁ AGN, independent of the MBH . This is
a simple scheme that neglects important aspects of accretion
onto SMBHs, such as non-stationarity, which will happen in a
realistic context. Albeit simple, our scenario already provides a
scheme with which to compare the observations of AGN, and
from which to draw future directions for further modeling and
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observations. The divisions between the five identified ṁ regimes
are still qualitative and more quantitative and observational studies are needed to pin down the more precise location of the
changes of physical regimes. Ongoing research is placing large
samples of AGN in the ṁ−MBH plane as a function of their outflow and X-ray and UV properties, in order to test the global
properties of the scenario and to better constrain the diverse
physics at work in the inner regions around SMBHs.
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Done, C., Gierliński, M., & Kubota, A. 2007, A&ARv, 15, 1
Dorodnitsyn, A., Kallman, T., & Proga, D. 2008, ApJ, 675, L5
Ebrero, J., Kriss, G. A., Kaastra, J. S., & Ely, J. C. 2016, A&A, 586, A72
Elitzur, M., & Ho, L. C. 2009, ApJ, 701, L91
Elitzur, M., & Shlosman, I. 2006, ApJ, 648, L101
Elvis, M. 2000, ApJ, 545, 63

M. Giustini and D. Proga: A global view of accretion and ejection around SMBHs
Elvis, M., Wilkes, B. J., McDowell, J. C., et al. 1994, ApJS, 95, 1
Esin, A. A., McClintock, J. E., & Narayan, R. 1997, ApJ, 489, 865
Fabian, A. C. 2012, ARA&A, 50, 455
Fabian, A. C., Celotti, A., & Erlund, M. C. 2006, MNRAS, 373, L16
Fabian, A. C., Vasudevan, R. V., & Gandhi, P. 2008, MNRAS, 385, L43
Falcke, H., Körding, E., & Markoff, S. 2004, A&A, 414, 895
Fanaroff, B. L., & Riley, J. M. 1974, MNRAS, 167, 31P
Fanidakis, N., Baugh, C. M., Benson, A. J., et al. 2011, MNRAS, 410, 53
Faucher-Giguère, C.-A., Quataert, E., & Murray, N. 2012, MNRAS, 420, 1347
Fausnaugh, M. M., Denney, K. D., Barth, A. J., et al. 2016, ApJ, 821, 56
Fukumura, K., Tombesi, F., Kazanas, D., et al. 2014, ApJ, 780, 120
Fukumura, K., Tombesi, F., Kazanas, D., et al. 2015, ApJ, 805, 17
Gallagher, S. C., Brandt, W. N., Laor, A., et al. 2001, ApJ, 546, 795
Gallagher, S. C., Hines, D. C., Blaylock, M., et al. 2007, ApJ, 665, 157
Ganguly, R., & Brotherton, M. S. 2008, ApJ, 672, 102
Gebhardt, K., & Thomas, J. 2009, ApJ, 700, 1690
Ghez, A. M., Salim, S., Weinberg, N. N., et al. 2008, ApJ, 689, 1044
Ghisellini, G., & Celotti, A. 2001, A&A, 379, L1
Ghisellini, G., Padovani, P., Celotti, A., & Maraschi, L. 1993, ApJ, 407, 65
Gibson, R. R., Jiang, L., Brandt, W. N., et al. 2009a, ApJ, 692, 758
Gibson, R. R., Brandt, W. N., Gallagher, S. C., & Schneider, D. P. 2009b, ApJ,
696, 924
Giustini, M. 2016, Astron. Nachr., 337, 459
Giustini, M., & Proga, D. 2012, ApJ, 758, 70
Giustini, M., Cappi, M., & Vignali, C. 2008, A&A, 491, 425
Giustini, M., Cappi, M., Chartas, G., et al. 2011, A&A, 536, A49
Giustini, M., Turner, T. J., Reeves, J. N., et al. 2015, A&A, 577, A8
Gofford, J., Reeves, J. N., Tombesi, F., et al. 2013, MNRAS, 430, 60
Gofford, J., Reeves, J. N., Braito, V., et al. 2014, ApJ, 784, 77
Grandi, P., & Palumbo, G. G. C. 2004, Science, 306, 998
Green, P. J., Schartel, N., Anderson, S. F., et al. 1995, ApJ, 450, 51
Greenhill, L. J., Gwinn, C. R., Antonucci, R., & Barvainis, R. 1996, ApJ, 472,
L21
Grupe, D., Komossa, S., Leighly, K. M., & Page, K. L. 2010, ApJS, 187, 64
Guainazzi, M., & Tashiro, M. S. 2018, ArXiv e-prints [arXiv:1807.06903]
Haardt, F., & Maraschi, L. 1991, ApJ, 380, L51
Hall, P. B., Anderson, S. F., Strauss, M. A., et al. 2002, ApJS, 141, 267
Hamann, F., & Sabra, B. 2004, in AGN Physics with the Sloan Digital Sky
Survey, eds. G. T. Richards, & P. B. Hall, ASP Conf. Ser., 311, 203
Hamann, F., Kaplan, K. F., Rodríguez Hidalgo, P., Prochaska, J. X., & HerbertFort, S. 2008, MNRAS, 391, L39
Hamann, F., Simon, L., Rodriguez Hidalgo, P., & Capellupo, D. 2012, in AGN
Winds in Charleston, eds. G. Chartas, F. Hamann, & K. M. Leighly, ASP
Conf. Ser., 460, 47
Hamann, F., Chartas, G., Reeves, J., & Nardini, E. 2018, MNRAS, 476, 943
Heckman, T. M., & Best, P. N. 2014, ARA&A, 52, 589
Ho, L. C. 1999, ApJ, 516, 672
Ho, L. C. 2008, ARA&A, 46, 475
Ho, L. C., Filippenko, A. V., & Sargent, W. L. W. 1996, ApJ, 462, 183
Hopkins, P. F., Hernquist, L., Cox, T. J., et al. 2006, ApJS, 163, 1
Iwasawa, K., & Taniguchi, Y. 1993, ApJ, 413, L15
Jiang, Y.-F., Stone, J. M., & Davis, S. W. 2014, ApJ, 796, 106
Jiang, Y.-F., Stone, J., & Davis, S. W. 2019, ApJ, 880, 67
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